Despite recent medical and pharmaceutical advances in cancer research, ovarian cancer (OVCA) remains one of the most deadly gynecological malignancies, with most of the cancer first detected in late stages when metastasis has already occurred.^[@bib1]^ Only 20% of OVCA patients are diagnosed when cancer has not spread past the ovaries; in the other 80% of cases, the cancer has metastasized, most frequently to the peritoneum.^[@bib2]^ Platinum-based preoperative chemotherapy is the standard of care of early stage disease, and surgical resection along with platinum-based postoperative chemotherapy is the standard of care for late stage disease.^[@bib1]^ However, many platinum-based chemotherapy drugs come with unwanted side effects. Therefore, an alternative therapy for OVCA is needed.

Nitric oxide (NO) shows promise either as a cancer therapeutic agent by itself or as a target of cancer therapies.^[@bib3]^ This may be because NO can act as a signaling molecule or as a source of oxidative and nitrosative stress.^[@bib4]^ NO can stimulate mitochondrial biogenesis through PGC-1-related coactivator^[@bib5]^ and increase mitochondrial function.^[@bib6],\ [@bib7]^ In follicular thyroid carcinoma cells, S-nitroso-*N*-acetyl-D,L-penicillamine (SNAP), a NO donor, was shown to increase the expression of genes involved in mitochondrial biogenesis.^[@bib8],\ [@bib9]^ A 14-day treatment of lung carcinoma cells with dipropylenetriamine NONOate (DETA-NONOate), another NO donor, increased cell migration compared with the absence of treatment.^[@bib10]^ In breast cancer cells, exogenous NO increased cell proliferation, as well as cyclin-D1 and ornithine decarboxylase expression.^[@bib11]^ In prostate cancer cells, NO was shown to inhibit androgen receptor-dependent promoter activity and proliferation of androgen-dependent cells, indicating that NO would select for the development of prostate cancer cells that are androgen-independent.^[@bib12]^ NO has even been shown to inhibit mitochondrial ATP production, and therefore inhibit apoptosis, as ATP is necessary for the apoptotic process.^[@bib13]^ Moreover, inducible nitric oxide synthase (iNOS) knockout mice had less tumor formation than wild-type mice, indicating that NO promotes lung tumorigenesis.^[@bib14]^ On the other hand, NO production, as induced by proinflammatory cytokines, induced apoptosis in OVCA cells.^[@bib3]^ NOS overexpression by transfection of a plasmid containing NOS-3 DNA resulted in increased cell death in HepG2 cells.^[@bib15]^ In another study, NO was implicated in *N*-(4-hydroxyphenyl) retinamide-mediated apoptosis.^[@bib16]^ Finally, iNOS expression in p53-depleted mice increased apoptosis of lymphoma cells compared with p53-deficient mice without iNOS expression.^[@bib17]^ Therefore, NO has been seen to have both an anti-tumorigenic as well as a pro-tumorigenic effect.

Arginine, a conditionally essential amino acid used to produce NO, is also a potential target for cancer therapy. L-arginine is normally produced by the body; however, in some diseased states, more arginine than what the body normally produces is required.^[@bib18]^ Arginine sources include protein breakdown or directly from the diet, in addition to *de novo* synthesis.^[@bib19]^ In the *de novo* production of L-arginine, citrulline and aspartate are first converted to argininosuccinate by arginase, which is then split into arginine and fumarate by argininosuccinate lyase.^[@bib20]^ L-arginine can also be converted to citrulline and NO through NO synthase (NOS).^[@bib19]^ Some cancer cells, including melanoma and hepatocellular carcinoma, do not express argininosuccinate synthase (ASS), an enzyme involved in arginine production and thus rely on exogenous arginine.^[@bib19]^ For these cancers, arginine-deprivation therapy is being heavily explored as a treatment.^[@bib21],\ [@bib22]^ OVCA cells have been shown to express ASS.^[@bib23]^ In fact, OVCA cells were shown to have increased expression of ASS compared with normal ovarian surface epithelium.^[@bib24]^ As OVCA can synthesize arginine *de novo*, strategies which target arginine\'s conversion into citrulline are needed for regulating OVCA tumor growth.

Recent studies suggest that cancer cells undergo metabolic reprogramming, which drives cancer cells\' growth and progression.^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33]^ One critically important, yet often overlooked, component to tumor growth is the metabolic rewiring of NO pathways in OVCA cells. Despite considerable investigation on NO\'s regulation of cancer cell proliferation and growth, mechanistic details regarding the effect of NO on cancer cell metabolism is still lacking: specifically, how NO affects glycolysis, TCA cycle flux, and ROS production. Studies on the effects of NO on cancer cell metabolism have mainly focused on the effect of NO on mitochondrial respiration.^[@bib34],\ [@bib35],\ [@bib36],\ [@bib37]^ NO has been shown to inhibit cytochrome *c* oxidase (COX) in the mitochondria of breast cancer cells, as well as decrease oxygen consumption rate.^[@bib37],\ [@bib38],\ [@bib39]^ Moncada and colleagues studied the effect of NO on the metabolism of rat cortical astrocytes and neurons, two cells with different glycolytic capacities. They showed that NO decreased ATP concentration, which led to an increase in glycolysis in astrocytes, but not in neurons, indicating that glycolytic capacity affects the metabolic response of these cells to NO.^[@bib40]^ NO was shown to reduce ATP production via OXPHOS in rat reticulocytes, cells that produce 90% of their ATP from OXPHOS.^[@bib41]^ Endothelial NOS (eNOS) was shown to have a role in the upregulation of GLUT4 transporters by AMPK and AICAR in the heart muscle.^[@bib42]^ Additionally, NO can serve to stabilize HIF-1*α* in hypoxic conditions through S-nitrosylation of PHD2,^[@bib4]^ and as HIF-1*α* upregulates GLUT transporters and glycolysis,^[@bib43]^ NO may affect the metabolism of cancer cells.

Although NO is found to affect glycolysis of normal cells, how NO modulates glycolysis of OVCA cells is less understood. The multifaceted role of NO in the metabolism of OVCA is unclear, and direct demonstration of NO\'s role in modulating the metabolism of OVCA cells is lacking. This study aims at understanding the mechanistic links between NO and the overall cancer metabolism -- specifically, its effects on glycolysis, TCA cycle, OXPHOS, and ROS production -- of OVCA cells. Our results show that NO decreases mitochondrial respiration, forcing OVCA cells to undergo higher glycolytic rates to maintain ATP production levels. Our work is the first to illustrate the central role of NO on OVCA metabolism -- specifically, showing how NO (i) positively regulates the Warburg effect in OVCA cell, (ii) maintains low ROS levels by upregulating NADPH generation, and (ii) negatively alters mitochondrial respiration, thus promoting cancer growth and proliferation. Our work is also unique in that it is the first to explore the effects of NO on TCA cycle flux and glutaminolysis, potentially also affecting ROS levels by affecting antioxidant levels. In conclusion, by elucidating the effects of NO on cancer metabolism and ROS levels, we have a better understanding of the different mechanisms by which NO affects cancer cell growth. This understanding may lead to potentially useful therapies to halt cancer progression.

Results
=======

Conversion of arginine to citrulline occurs in OVCA cells
---------------------------------------------------------

Previously, we observed using ultra-high performance liquid chromatography that OVCA cells produced citrulline in detached conditions.^[@bib44]^ As arginine can be converted to citrulline through NOS, we hypothesized that arginine is being converted to citrulline in our OVCA cells, even in attached conditions as depicted in [Figure 1a](#fig1){ref-type="fig"}. In order to test this hypothesis, we cultured OVCA cells in attached conditions for 24 and 48 h in media containing guanido-^15^N~2~ arginine, collected media, and analyzed the media using liquid chromatography--mass spectroscopy (LC--MS) for ^15^N citrulline, generated through NOS pathway. Results showed that ^15^N citrulline was present in the spent media ([Figure 1b](#fig1){ref-type="fig"}), confirming that the arginine to citrulline pathway was active in OVCA cells ([Figure 1a](#fig1){ref-type="fig"}). Next, we measured the levels of intracellular NO production using Griess assay (Promega, Madison, WI, USA) (measured nitrite levels were indicator of NO) in OVCA cells. OVCA cells generated nanomole range of NO per milligram proteins ([Figure 1c](#fig1){ref-type="fig"}). Similar concentrations of NO have been shown to positively regulate cell proliferation. We further investigated the NOS gene expression levels in OVCA cell lines using the cancer cell line encyclopedia (CCLE) database ([Figure 1d](#fig1){ref-type="fig"}) and OVCA tumors using Oncomine on 'Bonome Ovarain Data set\' ([Figure 1e](#fig1){ref-type="fig"}). Interestingly, both aggressive (SKOV3) and less aggressive (OVCAR3) OVCA cell lines used in our study,^[@bib45]^ had similar levels of gene expression of NOS1, NOS2, and NOS3 ([Figure 1d](#fig1){ref-type="fig"}). However, ovarian tumors had higher expression levels of NOS2 (iNOS) and NOS3 (eNOS) compared with ovarian surface epithelial cells from healthy subjects ([Figure1e](#fig1){ref-type="fig"}). The above results show that NOS expression levels correlate with increased OVCA pathogenicity.

NO affects the proliferation and colony formation, as well as anoikis resistance of OVCA cells
----------------------------------------------------------------------------------------------

Arginine is converted by NOS to NO and citrulline. Previous research has shown that NO may positively or negatively affect tumor growth based on the conditions tested.^[@bib3],\ [@bib11]^ As arginine is a main source of NO in cells, we sought to deprive the cells of arginine over the course of 4 days and measure cell proliferation to determine whether NO has a pro- or anti-tumorigenic role in OVCA. We found that arginine deprivation decreases proliferation in both OVCA cell lines ([Figure 2a](#fig2){ref-type="fig"}). Additionally, this decrease in proliferation was found to be paired with a decrease in citrulline secretion ([Figure 2b](#fig2){ref-type="fig"}). Moreover, addition of Deta-NONOate, a NO donor, marginally decreased citrulline secretion from OVCA cells. Additionally, cells were treated with NOS inhibitor, L-NAME, at different concentrations, and proliferation was measured over the course of 3 days. Results showed that L-NAME decreased OVCA cell proliferation in a dose-dependent manner for two OVCA cells ([Figure 2c](#fig2){ref-type="fig"}). To understand the concentration-dependent role of NO on OVCA cells, we measured proliferation of SKOV3 cells at varying concentrations of SNAP and Deta-NONOate. Our data clearly illustrate that low SNAP/Deta-NONOate concentrations (20--2000 nM) supported cancer growth. However, higher SNAP/Deta-NONOate concentrations (\>20 *μ*M) had inhibitory effect on cell proliferation ([Figure 2d and e](#fig2){ref-type="fig"}). Consistent with above results, L-NAME decreased colony formation in a dose-dependent manner of SKOV3ip1 OVCA cells in soft agar ([Figure 2f](#fig2){ref-type="fig"}). Interestingly, when OVCA cells were cultured in low attachment plates mimicking detached state with L-NAME, cell viability decreased ([Figure 2g](#fig2){ref-type="fig"}). This decrease in viability was rescued by addition of NO donor SNAP, indicating that NO maintains anoikis resistance (an ability of cancer cells to survive without extracellular matrix) in OVCA cells. Our results demonstrate that NO, at low concentrations, increased OVCA cell proliferation, colony formation, and anoikis resistance, while high concentrations of NO reduced OVCA cell proliferation.

NO is involved in maintaining high glycolytic rate in OVCA cells through increased hexokinase2 expression
---------------------------------------------------------------------------------------------------------

We next hypothesized that NO\'s modulation of proliferation and anoikis resistance of OVCA cells occurred as a result of upregulated glycolysis. Our results show that when NO production is decreased through exposure to L-NAME, glucose consumption and lactate production decreased compared with without L-NAME addition ([Figure 3a](#fig3){ref-type="fig"}). Through probing the intracellular lactate concentration in cancer cells by GC--MS, we confirmed the result that L-NAME addition decreases pyruvate\'s conversion into lactate in OVCA cells ([Figure 3b](#fig3){ref-type="fig"}). Therefore, inhibiting NO generation indeed decreased the glycolytic rate of cancer cells. Thus, NO may be responsible for regulating the Warburg effect in OVCA cells. As hexokinase2 is the rate-limiting enzyme in glycolysis, we hypothesized that NO maintained high glycolytic rates in OVCA cells through increased hexokinase2 expression. Our results revealed that NO increased hexokinase2 expression ([Figure 3c](#fig3){ref-type="fig"}). Therefore, NO can maintain high glycolytic rates in OVCA cells by increased hexokinase2 expression.

As our results showed that with L-NAME the glycolytic rate decreased compared with without L-NAME in the OVCA cells, we then hypothesized that when NO is added, glucose consumption and lactate secretion would increase. Our results showed that when DETA-NONOate was added, there was an increase in glucose consumption and lactate secretion compared with without DETA-NONOate ([Figure 3d](#fig3){ref-type="fig"}), further suggesting that NO may have a role in positively regulating glycolytic rates in cells. In agreement with glucose and lactate secretomics-based assays, GC--MS results also indicated that adding DETA-NONOate led to an increase in pyruvate and lactate concentration in OVCA cells ([Figure 3e](#fig3){ref-type="fig"}), thereby directly demonstrating NO\'s role in enhancing glycolysis fluxes in OVCA cells. Interestingly, pyruvate uptake was decreased in the presence of NO, which might be because of NO-induced reduced mitochondrial TCA cycle activity ([Figure 3f](#fig3){ref-type="fig"}).

NO decreases oxygen consumption by decreasing mitochondrial complex II+III and complex IV activities but does not significantly decrease ATP production in OVCA cells
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

The above experiments show that NO is important for glycolysis of OVCA cells. We further investigated whether NO modulates mitochondrial activity of cancer cells. We hypothesized that NO would affect the oxygen consumption rate of OVCA cells. Our results showed that exposure of cells to DETA-NONOate under arginine deprivation decreased the oxygen consumption, including basal oxygen consumption and ATP-linked oxygen consumption of both OVCA cell lines and reserve capacity in OVCAR3 cells, thus indicating that NO decreases OXPHOS activity in OVCA cells ([Figure 4a](#fig4){ref-type="fig"}). NO also reduced the respiratory capacity ratio, implying mitochondrial\'s capacity for substrate oxidation, thereby suggesting that NO could modulate the mitochondrial function in OVCA cells ([Figure 4a](#fig4){ref-type="fig"}). DETA-NONOate did not significantly affect proton leak, indicating that NO has no affect on mitochondrial integrity ([Figure 4a](#fig4){ref-type="fig"}).

As NO has been shown to inhibit COX in normal cells, we hypothesized that the decrease in oxygen consumption in OVCA cells by DETA-NONOate was through inhibition of complex II+III and complex IV of the mitochondria. Our results showed that depriving cells of arginine increased complex II+III and IV activity and that the activities with DETA-NONOate addition were similar to the activities of the arginine-containing media ([Figures 4b--c](#fig4){ref-type="fig"}). Additionally, DETA-NONOate decreased the mRNA levels of the mitochondrial COX1 and cytochrome *b* (CYTB) ([Figure 4d](#fig4){ref-type="fig"}). These findings indicated that NO inhibited oxygen consumption in OVCA cells by inhibiting mitochondrial complex activity and their production at the mRNA level.

Taken together, these results suggest that in the presence of NO cancer cells underwent high glycolytic rates in order to compensate for the decrease in mitochondrial respiration. In order to explore this further, the effect of NO on ATP production was determined ([Figures 4e--f](#fig4){ref-type="fig"}). Under arginine deprivation, and in the presence of DETA-NONOate, OVCA cells did not display a significant decrease in ATP production compared with without DETA-NONOate ([Figure 4e](#fig4){ref-type="fig"}). Interestingly, when 2-deoxyglucose, a glucose analog that inhibits glycolysis, was added along with DETA-NONOate, ATP production decreased significantly compared with without DETA-NONOate ([Figure 4f](#fig4){ref-type="fig"}). Taken together, these results implicate that NO may positively regulate glycolysis for bioenergetic demand. Further, we demonstrate that, while NO decreased mitochondrial respiration in OVCA cells, total ATP production was not significantly reduced because of shift in ATP generation from OXPHOS to glycolysis.

NO decouples TCA cycle flux and OXPHOS by enhancing glutaminolysis and reductive carboxylation
----------------------------------------------------------------------------------------------

The above data demonstrate that NO can inhibit mitochondrial enzyme activity and respiration. To further substantiate the NO\'s effects on TCA cycle metabolite pools and abundances and activity, we performed ^13^C GC--MS-based isotope tracer analysis by culturing OVCA cells with labeled U-^13^C~5~ Gln in RPMI medium for 24 h ([Figure 5a](#fig5){ref-type="fig"}). The isotopomer analysis can reveal contribution of a substrate in a particular metabolic pathway. As seen in [figure 5a](#fig5){ref-type="fig"}, M5 glutamine (all five glutamine carbons are labeled) entering the TCA cycle is converted into M5 glutamate and M5 alpha-ketoglutarate through glutaminolysis and that alpha-ketoglutarate is further converted into M4 succinate through decarboxylation or M5 citrate through reductive carboxylation ([Figure 5a](#fig5){ref-type="fig"}). Thus, contribution of glutamine to TCA cycle metabolite pools is estimated using labeled U-^13^C~5~ Gln through its conversion to M5 glutamate, M4 fumarate, M4 malate, and M4 citrate levels.

Surprisingly, our results suggested that TCA cycle activity was enhanced in the presence of NO. NO is found to increase the total citrate accumulated and alpha-ketoglutarate, succinate, and fumarate in SKOV3, which suggested that NO increased TCA cycle activity in SKOV3. For OVCAR3, even though NO did not result in significant changes in amounts of many metabolites, citrate was dramatically accumulated ([Figure 5b](#fig5){ref-type="fig"}). From the metabolites isotopomer distribution (MID) of citrate, M4, M5, and M6 citrate, derived from glutamine, were enhanced ([Figures 5e and f](#fig5){ref-type="fig"}). Therefore, when NO was present and oxidative phosphorylation (OXPHOS) was inhibited, cancer cells tended to use glutamine as a source to maintain the TCA cycle to meet the requirement of cell proliferation.

NO can increase the glutamine concentration and its conversion into glutamate and alpha-ketoglutarate in both OVCA cells. Our results showed that NO also increased M4 succinate, fumarate, malate, and citrate through TCA cycle ([Figure 5e](#fig5){ref-type="fig"}). Furthermore, NO increased M6 citrate through malic enzyme, which converted M4 malate into M3 pyruvate along with generation of NADPH. M3 pyruvate was further catalyzed into M2 acetyl-CoA, which condensed with M4 oxaloacetate ([Figures 5a and e](#fig5){ref-type="fig"}). Concomitantly, OVCA cells also enhanced citrate generation through direct conversion of alpha-ketoglutarate through reductive carboxylation to generate M5 citrate ([Figure 5f](#fig5){ref-type="fig"}). Taken together, our results showed that NO could enhance glutaminolysis and reductive carboxylation to meet the requirement of proliferating OVCA cells.

NO contributes to NADPH production, and decreases ROS production in OVCA cells
------------------------------------------------------------------------------

Having established that NO increases glutaminolysis, we aimed to determine whether NO could decrease ROS levels through glutamine. Glutamine can be used to create glutathione, an antioxidant, to decrease ROS levels and produce NADPH through malic enzyme. ROS can potentially cause cancer cell death or aid in the development of cancer^[@bib46],\ [@bib47],\ [@bib48],\ [@bib49]^ and may be a mechanism by which NO enhances colony formation and anoikis resistance. Our results showed that ROS production increased significantly with exposure to L-NAME in a dose-dependent manner ([Figure 6a](#fig6){ref-type="fig"}). Additionally, exposure to DETA-NONOate along with L-NAME resulted in less ROS production compared with L-NAME without DETA-NONOate ([Figures 6b--c](#fig6){ref-type="fig"}). These results indicated that NO decreased ROS production in OVCA cells, thus maintaining redox balance and viability.

NADPH is an important antioxidant regulating ROS level in cells and is produced mainly from PPP pathway and malic enzyme activity. To assess whether NO induced increased glucose uptake and glutaminolysis increased NADPH generation, we measured NADPH for a variety of OVCA cell lines. Our results showed that NADPH production decreased with addition of L-NAME in a dose-dependent manner for all the cell lines tested and that addition of DETA-NONOate increased NADPH production compared with without DETA-NONOate ([Figures 6d--e](#fig6){ref-type="fig"}). Our results suggest that the decrease in ROS production by NO could be due to an increase in NADPH levels and antioxidant production.

Discussion
==========

It has been shown that NO, an unstable gas, can have effects on the growth and proliferation of cancer cells, either inhibiting or enhancing growth depending on the NO concentration and extracellular conditions.^[@bib3],\ [@bib11],\ [@bib14],\ [@bib15]^ NO has also been linked to metastasis in a recent study that suggest that iNOS expression correlated to the upregulation of the Wnt pathway.^[@bib50]^ These studies suggest that NO may have a central role in tumor growth and progression of cancer cells. However, the comprehensive role of NO in OVCA cell metabolism, specifically how NO affects glycolysis and TCA cycle flux in OVCA cells and finally ROS production, is lacking. We show in this study that NO decreases mitochondrial respiration and shift these cells towards maintaining high glycolytic rates in order to avoid a decrease in ATP production. Thus we have found that NO is important in maintaining the Warburg effect of OVCA cells. Also, our results are the first to show that NO may be increasing TCA cycle flux, which may lead to production of antioxidants to combat cellular ROS.

It is known that arginine is converted to NO by NOS, as depicted in [Figure 1a](#fig1){ref-type="fig"}. OVCA cells have been shown to express ASS and thus are capable of *de novo* arginine production when deprived of arginine.^[@bib23]^ However, we show that arginine deprivation decreases proliferation of OVCA cells over a period of 4 days. This suggests that, although OVCA cells may be able to make their own arginine through ASS, they cannot produce enough arginine to support proliferation of cells over long time periods and will, therefore, require exogenous arginine to sustain proliferation. Glutamine has been shown to be a potential source of arginine and NO synthesis in murine macrophages,^[@bib51]^ although research involving the production of arginine from other amino acids and metabolites in cancer cells is lacking. The fact that OVCA cells cannot continue proliferation without exogenous arginine renders them susceptible to arginine deprivation and to depletion therapies. Arginine deiminase (ADI) was first isolated from bacteria *Pseudomonas putida*^[@bib52]^ and can deplete arginine from the blood and induce arginine deprivation.^[@bib53]^ Pegylated ADI (ADI PEG-20) has been shown to be effective in inhibiting small cell lung cancer growth,^[@bib53]^ inducing autophagy and caspase-independent apoptosis in PC3 prostate cancer cells,^[@bib54]^ and melanoma cells.^[@bib55]^ As the effectiveness of the drug was dependent on the lack of ASS expression in these cells, further studies must be conducted to determine whether ADI PEG-20 can be effective in OVCA over longer periods of time.

It has also been shown that NO can bind to COX in the mitochondria, in competition with oxygen^[@bib56]^ and thus can decrease oxygen consumption rate.^[@bib37]^ However, through analysis of glycolytic flux and ATP production, our data suggest that glycolysis is increased in OVCA cells in order to maintain ATP production in response to the inhibition of mitochondrial respiration. Additionally, our study is one of the first to suggest that, by maintaining glycolytic flux, NO could in turn lead to an increase in NADPH production through PPP and glutaminolysis, thus affecting ROS production.

Our results further suggest that NO increases TCA cycle flux through not only increase in glucose uptake but also increase in cellular glutamine. Our findings suggest a potential link between the TCA cycle and NO in cancer cells. This increase in TCA cycle activity may result in the production of glutathione, an antioxidant used by cancer cells to combat ROS. ROS and NO have been studied together in the context of several cancers.^[@bib4],\ [@bib57],\ [@bib58]^ However, a metabolic connection linking the two has not yet been fully elucidated. Our results suggest that NO increases glutamine uptake, further implying that NO may increase glutathione and NADPH production, which could be used to reduce ROS levels in OVCA cells.

In conclusion, our findings have shown that NO has a central role in the metabolism of OVCA cells by (i) inhibiting mitochondrial respiration, which can in turn force OVCA cells to maintain high glycolytic rates, (ii) enhancing proliferation, and (iii) maintaining low ROS levels. In addition, NO increases TCA cycle flux and glutaminolysis, which may lead to increases in glutathione levels, thus further maintaining low ROS levels.

Materials and Methods
=====================

Cells and media
---------------

OVCA cells, OVCAR3 and SKOV3, were purchased from ATCC (Manassas, VA, USA) on behalf of Rice University, Houston, TX, USA. SKOV3ip1 cells were kindly provided by Dr. Anil Sood of MD Anderson Cancer Center. Cells were grown in RPMI 1640 (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum. Cells used in these experiments were cultured below 75 passages.

LC--MS experiments
------------------

OVCA cells were seeded at 90 000 cells/ml in a 12-well plate. After 24 h, media was changed to phenol red-free RPMI medium containing \[^15^N2\] arginine at a 10% enrichment. After 48 h, media was collected and analyzed for the presence of \[^15^N\] citrulline using LC--MS. Protein was collected and later analyzed with Pierce BCA Protein Kit (Thermo Scientific, Rockford, IL, USA) for normalization.

Endogenous NO measurements
--------------------------

OVCA cells were seeded in T-75 flasks. After the cells were around 80% confluency, media was replaced. After 24 h, cells were washed in PBS solution at 4 °C, trypsinized and collected into 1.5-ml tubes. Cell pellets were lysed in PBS solution containing 1% Nonidet P-40, 2 mM *N*-ethylmaleimide, 0.2 mM diethylenetriaminepentaacetic dianhydride, and protease inhibitors. After three instant freeze/thaw cycles, lysates were centrifuged at 6000 r.p.m. for 10 min at 4 °C. Protein concentrations were determined in supernatant by Pierce BCA protein assay (Thermo Scientific), and nitrite assays was determined through Griess assay.

Proliferation assay
-------------------

Proliferation of OVCA cells was measured using Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Rockville, MD, USA). Briefly, cells were seeded in a 96-well plate between 10 000 and 50 000 cells/ml. After 24, 48, 72, or 120 h, 10 *μ*l of kit reagent was added to each well. Plate was then shaken and incubated for 2 h before reading the absorbance in a spectrophotometer (SpectraMax M5 from Molecular Devices, Sunnyvale, CA, USA) at 450 nm.

Soft agarose colony formation
-----------------------------

Bottom agarose solution (10%) was created by dissolving agarose in hot water and placing it in the waterbath to cool the solution to 37 °C. Agarose was then mixed in a 1 : 1 ratio with 2x RPMI, and 1.5 ml of this solution was used to coat each well of a six-well plate. Plate was left under hood for 30 min in order to allow agarose to solidify before adding cells and top agarose. Top agar solution (70%) was created by again dissolving agarose in hot water and placing it in the waterbath to cool the solution to 37 °C. Cells were then harvested, counted, and resuspended at a concentration of 200 000--400 000 cells/ml. Next, 3 ml of top agarose was mixed with 3 ml of warm 2x RPMI, 0.1 ml of cell suspension was added, and 1.5 ml of the mixture was added to each of a six-well plate already coated with bottom agarose. Cells were then fed with 0.5 ml of media every 3 days and kept in culture for 14 days. Cells were then stained with a 0.5-ml crystal violet (0.005% in methanol) solution, and colonies were counted using a 4 × objective. Four fields of view of each well were imaged and analyzed.

Arginine-deprivation experiments
--------------------------------

Cells were seeded in a 96-well plate at a density between 10 000 and 30 000 cells/ml in complete RPMI 1640 media. Approximately 24 h after seeding, media was changed to RPMI without arginine (Sigma Aldrich, Madison, WI, USA) or phenol red-free RPMI-1640 containing arginine (Gibco). After 24, 48, 72, and 120 h, plates were assessed using Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.), as mentioned above. Media was changed every 48 h for the remaining plates at each time point.

Metabolic assays
----------------

Glucose consumption assay was performed using the Wako Glucose Kit (Wako Chemicals, Richmond, VA, USA) according to the manufacturer\'s protocol. Briefly, 2 *μ*l sample and 250 *μ*l reconstituted Wako glucose reagent was added to a 96-well assay plate and incubated while shaking at 37 °C for 5 min. The change in absorbance, indicating the presence of glucose, was measured at 505 nm by using a spectrophotometer (SpectraMax M5 from Molecular Devices). Lactate secretion was determined using the Trinity Lactate Kit (Trinity Biotech, Jamestown, NY, USA) according to the manufacturer\'s protocol. Briefly, lactate reagent was reconstituted with 10 ml milliohm water and diluted 1 : 4 in 0.1 M Tris Solution (pH=7.0). Media samples were diluted 1 : 10 in PBS, and lactate reagent was added to the diluted samples in an assay plate. The plate was protected from light and incubated for 1 h before reading the change in absorbance on a spectrophotometer at 540 nm. The pyruvate assay used measures the amount of sodium dehydrogenase (NADH) oxidized, which correlates with the amount of pyruvate in the samples. Pyruvate uptake analysis was performed using the following protocol. Briefly, NADH solution was created by reconstituting NADH powder (Sigma Aldrich) in 50 ml Tris solution (pH=7.0). Lactate dehydrogenase (LDH) was reconstituted in 50% glycerol and diluted 1 : 20 in Tris solution (pH=7.0). In a 96-well plate, 20 *μ*l of sample was added to each well along with the NADH reagent. A prereading was taken at 340 nm in a spectrophotometer, and LDH was added to the wells. Plate was incubated for 1 h without carbon dioxide, and subsequent measurements were taken on a spectrophotometer.

Stable isotope analysis using GC--MS
------------------------------------

OVCA cells were cultured with 13C~5~ Gln-labeled arginine-free RPMI medium (without/with 100 *μ*M DETA NONOate) in six-well plates for 24 h. Medium was aspirated, and cells were quenched with 0.4 ml −20% methanol, and 0.4 ml ice autoclaved water containing 1 *μ*g norvaline internal standard was added. Then, cells were collected by scraping with a cell scraper. Then, 0.8 ml chloroform was added and vortexed at 4 °C for 30 min. Samples were centrifuged at 3000 × *g* for 15 min at 4 °C. In parallel, protein levels in six-well plates were measured to normalize the metabolite levels in cells. Dried samples were dissolved in 30 *μ*l of 2% methoxyamine hydrochloride in pyridine (Pierce), sonicated for 30 min, and held at 37 °C for 2 h. After the reaction, 45 *μ*l MBTSTFA+1% TBDMCS (Pierce) was added, and samples were incubated at 55 °C for 1 h. Tubes were vortexed in between. GC/MS analysis was performed using an Agilent 6890 GC (Agilent Technologies, Santa Clara, CA, USA) equipped with a 30-m DB-35 MS capillary column connected to an Agilent 5975B MS (Agilent Technologies) operating under electron impact ionization at 70 eV, and 1 *μ*l of the sample was injected in split mode at 270 °C, using helium as the carrier gas at a flow rate of 1ml/min. The GC oven temperature was held at 100 °C for 3 min, increased to 250 °C at 8 °C/min and then to 300 °C at 40 °C/min and held for 3 min for a total run time of 26 min. Data were acquired in scan mode. MIDs are obtained for each measured metabolite and incorporated with extracellular flux measurements for flux determination. To determine relative metabolite abundances, the integrated signal of all potentially labeled ions for each metabolite fragment was normalized by the signal from norvaline and the per well cell number (obtained by counting surrogate plates). To determine the MID value, each isotopomer signal is normalized from the sum of isotopomer\'s signals.

ATP measurement
---------------

ATP was measured using the Cell Titer-Glo assay (Promega). Briefly, cells were seeded at a density of 150 000 and 60 000 cells/ml in a 96-ell plate. After 48 h in culture, media was removed, and phenol red-free media containing L-NAME at different concentrations was added to the wells. Cells were incubated for 3 h, and reagent was added (100 *μ*l per well). Plate was then kept in dark for 10 min and read in a spectrophotometer in luminescence.

NADPH assay
-----------

NADPH assay was modified from the protocol by de Murcia\'s team in Illkirch, France.^[@bib59]^ Briefly, stock solutions of XTT (251 mM in DMSO) and 1-methoxy-5-methylphenazinium methylsulfate (PMS, 0.5 mM in DMSO) were prepared. A PMS/XTT solution was then prepared by dissolving 3.2 ml XTT in 66.6 *μ*l PMS. Cells were seeded in a 96-well plate at a density of 150 000 and 60 000 cells/ml. After 48 h of culture, media was removed, and 100 *μ*l of XTT/PMS reagent was added to each well. For rescue experiments, media containing XTT/PMS with or without NO donor DETA NONOate was added to the wells. Plates were then incubated and read in a spectrophotometer at 450 nm with 650 nm as the reference filter 3 h after reagent was added.

ROS measurement
---------------

Cells were seeded in 96-well plates at densities of 60 000--150 000 cells/ml. After 48 h, wells were washed with PBS, and media containing H2DCFDA was added to the plate. After 30 min of incubation in dark, plates were washed two times with PBS, and media containing 0, 5, 10, or 20 mM L-NAME was added to the wells. For rescue experiments, media containing DETA NONOate along with 10 mM L-NAME was added to the wells. Plate was then read in fluorescence. Readings were taken up to 3 h after culture.

Enzymatic activity assay
------------------------

Complex II/III and complex IV activity were determined according to the protocol used in Long *et al.*^[@bib60]^ Cells were cultured to 70% confluence before harvesting. Cells were then trypsinized and counted to ensure that 3--5 million cells were available for analysis. Cells were then washed twice with 3 ml PBS by centrifuging at 1000 × *g* for 5 min and removing the supernatant. Next, 0.4 ml of 20 mM phosphate buffer at pH=7.5 was added to the cells, and cells were mixed with 50-*μ*l Hamilton syringe. Cells were then snap frozen in liquid nitrogen three times and kept on ice before analysis. Protein was analyzed using the Pierce BCA Protein Kit. To analyze complex II/III, cytochrome *c* was freshly prepared according to the protocol. A total of 100 *μ*l potassium phosphate buffer (0.5 M, pH=7.5), 30 *μ*l KCN (10 mM), 25 *μ*l succinate (400 mM), and 15--80 *μ*g lysate were added to a 1-ml cuvette. Volume of distilled water was then adjusted so that total volume was 950 *μ*l water. Cuvette was then inverted to mix and incubated for 10 min at 37 °C inside the spectrophotometer. In all, 50 *μ*l oxidized cytochrome *c* was then added, and cuvette was inverted to mix. Absorbance at 550 nm was then monitored every 10 min for 3 h. Activity was calculated based on the change in absorbance over time. To analyze complex IV, cytochrome *c* was prepared and reduced using sodium dithionate. Reduced cytochrome *c*, phosphate buffer, water, and cytochrome *c* were then added to the cuvette according to the protocol. Volume of water was added to adjust volume to 950 *μ*l. Baseline absorbance was then monitored for 3 min at 550 nm. Lysate was added to initiate the reaction, and absorbance at 550 nm was monitored for 3 min. Activity was then calculated based on the change in absorbance over time.

Analysis of gene expression using real-time PCR
-----------------------------------------------

SKOV3 and OVCAR3 cells were treated with complete medium, arginine deprivation, or arginine deprivation in combination with 100 *μ*M DETA NONOate for 48 h. Total RNA was isolated using an RNeasy mini kit (Qiagen, Valencia, CA, USA). cDNA was synthesized from 1.0 *μ*g of total RNA with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) using a Veriti 96-well Thermal Cycler (Applied Biosystems, Foster City, CA, USA). The levels of COX-1, CYTB, HIF1-*α*, and iNOS were examined by real-time PCR using 50 ng of the resultant cDNA. Real-time PCR was performed with the SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK) using the StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Hexokinase II expression was analyzed by real-time PCR using TaqMan assay (Invitrogen, Grand Island, NY, USA). All reactions with COX-1, CYTB, HIF1-*α*, and iNOS were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and that of Hexokinase II against beta-actin. Specific primer sets were as follows (listed 5′--3′ forward and reverse, respectively): COX-1, TCGCATCTGCTATAGTGGAG and ATTATTCCGAAGCCTGGTAGG; CYTB, TGAAACTTCGGCTCACTCCT and AATGTATGGGATGGCGGATA; HIF1-*α*, ACAGTATTCCAGCAGACTCAA and CCTACTGCTTGAAAAAGTGAA; and iNOS, AGATAAGTGACATAAGTGACC and CATTCTGCTGCTTGCTGAG. Reactions were performed in a volume of 20 *μ*l for SYBR Green and 23 *μ*l for TaqMan.

OVCA cell microarray
--------------------

The CCLE OVCA cell line gene expression data set (GSE36133) was downloaded from the Gene Expression Omnibus. Gene expression was normalized relative to the mean expression over all cell line arrays. The expression of NOS1, NOS2, and NOS3 in normal ovarian surface epithelial cells and cancer cells are downloaded from Bonome Ovarian Data set^[@bib61]^ and analyzed through Oncomine. This data set had 10 normal ovarian surface epithelial cells and 185 OVCA cells derived from OVCA patients.

Statistical analysis
--------------------

Some statistical analysis was performed using the Student\'s two-tailed *t*-test, and this data were reported in all bar graphs as mean±S.E.M. In these bar graphs, single asterisk (\*) represents *P*≤0.05, double asterisks (\*\*) represent *P*≤0.01 and triple asterisks (\*\*\*) represent *P*≤0.001. For multiple comparisons, one-way ANOVA with Tukey\'s, Dunnett, or Dunn\'s *post hoc* test was used for statistical analysis. In these graphs, single asterisk (\*) represents *P*≤0.05.
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![Arginine\'s conversion to NO and citrulline through NOS found to be active in OVCA cells. (**a**) Hypothesized pathway for conversion of arginine to NO and citrulline in OVCA cells. (**b**) Pathway was shown to be active using liquid chromatography--mass spectroscopy (LC--MS). Cells were cultured in RPMI containing 10% guanido-^15^N~2~ arginine enrichment. LC--MS results revealed that OVCA cells produced citrulline from arginine, indicating NO pathway activity. *n*=9. (**c**) Intracellular nitrite concentration measured in OVCAR3 and SKOV3 using Griess assay. *n*≥3. (**d**) NOS1, NOS2, and NOS3 mRNA expression levels obtained from CCLE data set for SKOV3 and OVCAR3 cell lines. (**e**) Comparison of NOS1, NOS2 and NOS3 expression levels between normal ovarian surface epithelial cells and OVCA cells. Data were downloaded from Bonome Ovarian data set](cddis2014264f1){#fig1}

![NO affected colony formation and proliferation of OVCA cells. (**a**) Arginine deprivation decreased the proliferation of OVCA cells, OVCAR3 and SKOV3 over the course of 4 days. (**b**) Arginine increased citrulline secretion for SKOV3 and OVCAR3. Citrulline was measured using UPLC. (**c**) L-NAME decreased the proliferation of OVCAR3 and SKOV3 in a dose-dependent manner. (**d**) Effect of varying concentrations of SNAP on the growth rate of SKOV3. (**e**) Effect of varying concentrations of DETA-NONOate on the growth rate of SKOV3. (**f**) Soft agar clonogenic assay showed that L-NAME, an inhibitor of NOS, decreased colony formation of SKOV3 OVCA cells and that 500 nM SNAP, a NO donor, rescued the decrease in colony formation. (**g**) L-NAME decreased cell viability in detached conditions in 48 h, and viability was rescued using NO donor SNAP. Data are expressed as mean±S.E.M. (\**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001), *n*=9](cddis2014264f2){#fig2}

![NO had a role in maintaining glycolytic rate in OVCA cells. (**a**) L-NAME decreased glucose uptake and lactate secretion of SKOV3 and OVCAR3 cells compared with without L-NAME. (**b**) L-NAME decreased intracellular lactate concentration using gas chromatography--mass spectrometry (GC--MS). (**c**) Hexokinase2 expression increased with 100 *μ*M DETA-NONOate compared with without DETA-NONOate, as measured using qPCR, suggesting that NO may maintain glycolytic rate by increasing hexokinase2 expression. (**d**) OVCA cells were cultured for 24 h to measure the glucose uptake and lactate secretion measurements, with and without DETA-NONOate. (**e**) Using GC--MS, intracellular pyruvate and lactate concentration were measured in OVCA cell cultures with and without DETA-NONOate. (**f**) Pyruvate uptake was measured using the standard colorimetric assays, which indicated that DETA-NONOate decreased pyruvate uptake. Data are expressed as mean±S.E.M. (\**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001), *n*=9](cddis2014264f3){#fig3}

![NO impaired mitochondrial respiration and altered source of ATP in OVCA cells. (**a**) DETA-NONOate decreased oxygen consumption rate (OCR) in OVCA cells SKOV3 and OVCAR3. In particular, DETA-NONOate decreased basal and ATP-linked OCR for both OVCAR3 and SKOV3. (**b**) NO in the form of both DETA-NONOate and arginine, decreased complex II+III activity, compared with without arginine or NO. (**c**) Similarly, NO in the form of DETA-NONOate and arginine, decreased complex IV activity in the mitochondria, compared with without arginine or NO. (**d**) NO decreased gene expression of COX-1 and CYTB for SKOV3 and OVCAR3, as shown by qPCR. (**e**) ATP production was maintained in the presence of DETA-NONOate. (**f**) ATP production was decreased by DETA-NONOate when glycolysis was inhibited by 2-DG. Data are expressed as mean±S.E.M. (NS, not significant; \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001), *n*=9](cddis2014264f4){#fig4}

![NO decoupled TCA cycle flux and OXPHOS by enhancing glutaminolysis and reductive carboxylation. (**a**) U-^13^C~5~ glutamine\'s conversion into TCA cycle metabolites through oxidative TCA cycle and reductive carboxylation. (**b**) Relative metabolites abundance for OVCAR3 and SKOV3 showed increase in citrate, alpha-ketoglutarate, succinate, and fumarate with DETA-NONOate for SKOV3 as well as increase in citrate with DETA-NONOate for OVCAR3. (**c**) NO increased glutamine concentration in SKOV3 and OVCAR3. (**d**) NO increased M5 glutamate and M5 alpha-ketoglutarate, which is directly derived from M5 glutamine. (**e**) NO increased oxidative glutamine metabolism indicated from M4, M6 citrate, M4 succinate, M4 fumarate, M4 malate, as well as reductive glutamine metabolism (**f**), indicated from M5 citrate. Data are expressed as mean±S.E.M. (\**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001), *n*=9](cddis2014264f5){#fig5}

![NO maintained glycolysis and antioxidant production. (**a**) L-NAME increased ROS production. (**b** and **c**) DETA-NONOate rescued L-NAME\'s effect on ROS production. (**d**) L-NAME decreased NADPH production. (**e**) DETA-NONOate increased NADPH production in OVCA cells. Data in panels (**a**--**d**) are expressed as mean±S.E.M. (\**P*\<0.05), and one-way ANOVA with Dunn\'s and Dunnett *post hoc* tests were used to compare conditions, *n*=9. Data in panel **e** are expressed in mean±S.E.M. (\**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001), and *t*-test was used to compare conditions, *n*=8](cddis2014264f6){#fig6}
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